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If ultralight bosonic fields exist in Nature as dark matter, superradiance spins down rotating black holes
(BHs), dynamically endowing them with equilibrium bosonic clouds, here dubbed synchronised gravitational
atoms (SGAs). The self-gravity of these same fields, on the other hand, can lump them into (scalar or vector)
horizonless solitons known as bosonic stars (BSs). We show that the dynamics of BSs yields a new channel
forming SGAs. We study BS binaries that merge to form spinning BHs. After horizon formation, the BH spins
up by accreting the bosonic field, but a remnant lingers around the horizon. If just enough angular momentum
is present, the BH spin up stalls precisely as the remnant becomes a SGA. Different initial data lead to SGAs
with different quantum numbers. Thus, SGAs may form both from superradiance-driven BH spin down and
accretion-driven BH spin up. The latter process, moreover, can result in heavier SGAs than those obtained from
the former: in one example herein, ∼ 18% of the final system’s energy and ∼ 50% of its angular momentum
remain in the SGA. We suggest that even higher values may occur in systems wherein both accretion and
superradiance contribute to the SGA formation.
Introduction. Dynamical synchronisation occurs in many
physical and biological systems. Communities of fireflies
or crickets, sets of metronomes or pendulums, are amongst
the examples wherein individual cycles converge to the same
phase, if appropriate interactions are present, see e.g. [1–3].
In Newtonian gravity, dynamical synchronisation occurs in
close binary systems [4]. Tidal interactions tend to synchro-
nise orbital and rotational periods, locking them. In the Earth-
Moon system, the latter has reached this equilibrium stage,
whereas the Earth is spinning down to meet the longer or-
bital period. In the Solar system, full synchronisation has been
achieved in the lower mass ratio Pluto-Charon system [5].
In relativistic gravity, synchronisation has been observed to
occur in the interaction between spinning black holes (BHs)
and bosonic fields. Via superradiance [6], the BH is spun
down until it locks with the phase dynamics of the bosonic
field [7, 8]. This Letter presents a new synchronisation chan-
nel, through the dynamics of bosonic star (BS) binaries that
form a spinning BH. When just enough angular momentum
is present in the binary, the final BH spins up by accreting the
remnant bosonic field after horizon formation, and the process
stops when synchronisation is achieved.
Self-gravitating ultralight bosonic fields (UBFs). Yet un-
seen UBFs are plausible dark-matter candidates [9]. For
masses in the range 10−10 − 10−20 eV, UBFs efficiently trig-
ger superradience of astrophysical spinning BHs [10]. The
process transfers a fraction of the BH’s mass and angular mo-
mentum into a bosonic cloud with a slower (phase) angular
velocity than that of the spinning horizon. The process stalls
when the horizon angular velocity of the spun down BH syn-
chronises with the cloud’s angular velocity [7, 8], creating a
synchronised gravitational atom (SGA) [11]. For complex
UBFs, the BH-SGA system is a stationary “hairy” BH within
the families found in [12–14].
UBFs form also horizonless self-gravitating solitons, called
BSs [15–17]. They can be labelled by their phase oscilla-
tion frequency, ω, and ADM mass, M , see e.g. [18, 19].
Some spherical, non-spinning BSs are stable, forming dynam-
ically, for both scalar (S) and vector (V, a.k.a. Proca) bosonic
fields [20–23]. Such BSs can be evolved in binaries [24–27].
By constrast, spinning BSs are only dynamically robust in the
vector case; the scalar stars are transient and develop instabil-
ities [28]. We will show that the evolution of binaries of stable
BSs, both scalar and vector, form SGAs.
Setup. Fully non-linear evolutions of BSs were performed
in the same Einstein-Klein-Gordon and Einstein-Proca mod-
els as in [28]. We studied binary mergers. Using the initial
data described in [26, 27] two (S or V) BSs are superim-
posed, separated along the x-axis by a coordinate distance D
and boosted in opposite directions along the y-axis, with ve-
locity vy . The mergers yield a spinning BH with a bosonic
field remnant (a.k.a. cloud) outside the horizon. The latter
stores part of the BSs’ system initial mass, Mi and angular
momentum Ji, and its properties depend on vy . Most simu-
lations were performed for non-spinning (S or V) BSs, but
mergers of spinning vector BSs (with parallel spins along the
z-axis) were also studied. In this case, we have taken vy = 0
(head-on collisions); the BSs acquire orbital angular momen-
tum due to frame dragging and a spinning BH forms.
We have used the codes described in [27–30], within the
EINSTEINTOOLKIT infrastructure [31–33] with CARPET [34]
for mesh-refinement, AHFINDERDIRECT [35] for finding ap-
parent horizons, and QUASILOCALMEASURES [36] for ex-
tracting BH mass and angular momentum. Fields are evolved
in time using the codes available in the CANUDA library [37].
For details see [27–29, 37, 38].
Mergers of non-spinning BSs. Two equal-mass binaries of
non-spinning BSs were chosen to analyse the remnants after
the merger and spinning BH formation: (i) two vector BSs
with (ω,M) = (0.93, 0.952) [39]; (ii) two scalar BSs with
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2(ω,M) = (0.94, 0.51). The initial separation of the BSs is
fixed as D = 30 (V) or D = 16.4 (S). In both cases, the indi-
vidual BSs are perturbatively stable, and we have performed a
number of simulations, varying vy , whose results can be sum-
marised as follows: 1) the BSs have an eccentric trajectory,
merge and an apparent horizon forms. 2) The final BH re-
tains the largest part of Mi, Ji, denoted as MBH, JBH, respec-
tively. Thus, the final object is approximately a vacuum Kerr
BH. Its dimensionless spin j ≡ JBH/M2BH grows with time
after horizon formation due to accretion of the bosonic rem-
nant, saturating at a maximum value; this final j grows with
vy - Fig. 1, top panel. 3) After saturation there is a bosonic
cloud outside the horizon, retaining a small fraction of Mi, Ji
- Fig. 1, bottom panel. Increasing vy , these fractions increase.
The energy and spin in the bosonic fields are denoted, respec-
tively EB, JB. Initially, Mi = MB and Ji = JB. These
behaviours are illustrated for the vector case in Fig. 1. A sim-
ilar behaviour is found for the scalar case (and for JB , in the
case of the bottom panel).
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FIG. 1. Time evolution of the dimensionless spin of the final BH (top
panel) and the energy in the Proca field (bottom panel) for different
initial boost velocities, in the merger of two non-spinning vector BSs.
Let us address the nature of the remnant bosonic cloud.
Synchronisation in the BH-cloud system occurs when the lat-
ter is an oscillating field with phase ∼ e−i(ωt−mϕ) and the
phase angular velocity locks with the BH horizon angular ve-
locity ΩH : ω/m = ΩH [12, 40]. m ∈ Z is the azimuthal
number of the bosonic remnant. Since the final BH in these
simulations is approximately Kerr, we use the standard Kerr
relation for ΩH = ΩH(MBH, JBH) [41]; thus
ω
m
= ΩH ' JBH
2MBH[M2BH +
√
M4BH − J2BH]
. (1)
The evolution of ΩH is shown in Fig. 2 for the simulations
with vy = 0.11 (S) and vy = 0.092 (V).
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FIG. 2. Time evolution of the BH’s ΩH in the simulations with
vy = 0.092 (V, top panel) and vy = 0.11 (S, bottom panel). The
horizontal lines are the oscillation frequency of the bosonic cloud
remnant divided by different m’s.
The panels exhibit the spin up of the formed BH, sourced
by the accretion of (part) of the bosonic remnant. They also
show the leading oscillation frequency of the remnant bosonic
cloud, obtained as a Fourier transform, ω = 0.973 (S) or
ω = 0.948 (V), divided by different values of m, correspond-
ing to the different horizontal lines. One concludes that, for
these initial data, the spin up stops when the synchronisation
condition (1) becomes satisfied, for an m = 6 (V) or m = 4
(S) bosonic cloud remnant (see the insets in Fig. 2). Are these
the correctm’s that describe the remnants obtained in the sim-
ulations?
An affirmative answer is provided in Fig. 3. Equatorial
plane snapshots of the time evolution of both the vector and
scalar amplitudes and energy densities are shown. Concern-
ing the amplitudes, the left and middle right columns exhibit
the real part of the scalar Proca potential, Xφ [42] and of the
scalar field, φ, respectively. The m = 6 and m = 4 azimuthal
3FIG. 3. Equatorial (xy) plane snapshots taken during the time evo-
lution of the mergers of non-spinning BSs. (Left column) real part
of Xφ; (middle left column) Proca energy density; (middle right col-
umn) real part of φ; (right column) scalar energy density.
distributions are clearly seen, after the merger. This confirms
the bosonic cloud remnant is a synchronised cloud (or SGA)
with m = 6 (V) or m = 4 (S). Concerning the energy densi-
ties, one observes in the middle left (V) and right (S) columns
the toroidal shape of the clouds’s energy distribution, which is
confirmed in Fig. 4. The inset of Fig. 2 (top panel) also shows
a simulation with vy = 0.093, whose implications will be dis-
cussed below.
FIG. 4. xz-plane snapshots of the energy density taken during the
time evolution of the mergers of non-spinning BSs for the vector
(left panel) and scalar (right panel) cases.
If the remnant cloud were a pure synchronised mode it
would be stationary. Only quasi-stationary clouds, however,
are obtained from the BS mergers, due to subleading modes.
This is corroborated by Fig. 5, wherein the time evolution of
the amplitude of the real and imaginary parts of Xφ, and φ are
shown for the simulations with vy = 0.11 (S) and vy = 0.092
(V). In the vector case, the two leading modes have frequen-
cies, ω1 = 0.948 (dominant) and ω2 = 0.962, which produce
the beating pattern. In the scalar case, the leading modes have
frequencies ω1 = 0.973 (dominant) and ω2 = 0.993.
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FIG. 5. Time evolution of the real and imaginary parts of φ (top
panel) and Xφ (bottom panel), extracted at radius r = 20.78.
So far, the remnant cloud contains only up to ∼ 0.01Mi,
cf. Fig. 1 (bottom panel). Significantly higher energy frac-
tions can be obtained by increasing vy . As an illustration,
consider a binary of (more compact) vector BSs [(ω,M) =
(0.91, 1.015)], with vy = 0.13 and D = 40 [43]. The system
has (Mi, Ji) = (2.08, 5.98) and the BSs perform almost one
orbit before merging [44]. For this setup, the Proca remnant
still has m = 6, but now stores ∼ 0.15Mi and ∼ 0.24Ji -
Fig. 6; or, in terms of the final system, the cloud stores∼ 18%
of the energy and ∼ 50% of the angular momentum.
FIG. 6. Time evolution of EB, JB,MBH, JBH in a simulation with
larger vy, D. The inset confirms m = 6 for the final cloud.
4Head-on collisions of spinning BSs. A similar picture oc-
curs for head-on collisions (i.e. with vy = 0) of spinning vec-
tor BSs [45]. Spinning bosonic stars form a countable number
of families, labelled by the azimuthal harmonic index m¯ ∈ Z,
which counts the number of (phase) azimuthal nodes. Here
we consider mergers of m¯ = 1 and m¯ = 2 spinning vector
BSs (static BSs can be seen as the m¯ = 0 case). When the
BSs are sufficienly massive, such mergers form a BH, which
is spinning even for head-on collisions. However, the system
must possess just enough angular momentum for the final BH
to spin up the correct amount as to synchronise with the rem-
nant. This can be achieved by considering sequences of merg-
ers wherein the frequency of the two (equal mass and parallel
spins) initial spinning vector BSs are varied. For this setup,
one may envisage varying the frequency of the initial BSs as
playing the same role as varying vy in the non-spinning BSs
mergers discussed before.
In Fig. 7 we exhibit snapshots of the time evolution of the
vector amplitude for two head-on collisions of spinning vec-
tor BSs. Both collisions have D = 40, vy = 0 and are
m¯ = 1 Proca star binary
m¯ = 2 Proca star binary
FIG. 7. Equatorial (xy) plane snapshots taken during the time evolu-
tion of the mergers of spinning BSs: the two top panels corresponds
to a m¯ = 1 model, and the two bottom panels to a m¯ = 2 model.
The real part of Xφ is shown.
for systems where synchronisation occurs. The first colli-
sion (top two rows) are for m¯ = 1 stars with (ω,M, J) =
(0.92, 0.659, 0.677). The initial mass and angular momen-
tum of the system are (Mi, Ji) = (1.33, 1, 43). An m = 5
synchronised cloud remains at the end of the simulation, re-
taining 0.19% and 0.66% of Mi and Ji, respectively. The
second collision (bottom two rows) are for m¯ = 2 stars with
(ω,M, J) = (0.93, 1.071, 2.195). The initial mass and angu-
lar momentum of the system are now (Mi, Ji) = (2.18, 4.62).
An m = 6 synchronised cloud is now obtained at the end of
the simulation, retaining 3.2% and 8.3% ofMi and Ji, respec-
tively.
SGAs: the BH, the BSs and the mixed channels. Superra-
diance of a Kerr BH forms a synchronised bosonic cloud-BH
system by spinning down the Kerr BH [7, 8]. Interestingly, we
observe from Fig. 2 that in this new channel, mergers of BSs
lead to a synchronised bosonic cloud-BH system by spinning
up the BH that results from the merger. This confirms that the
synchronised BH-cloud system can be approached from either
side.
From the superradiance channel, a universal thermodynam-
ical limit imposes that the bosonic cloud cannot store more
than ∼ 29% of the final BH-cloud system [6]. In practice,
however, fully non-linear numerical simulations in the Proca
case were only able to reach about 9% [7]. Here, we have
shown one example wherein the bosonic cloud stores ∼ 18%
of the energy and ∼ 50% of the angular momentum of the
final BH-cloud system. In fact, there appears to be no theo-
retical bound from the BSs channel, and we anticipate higher
fractions of Mi, Ji can be stored in the bosonic cloud, in par-
ticular via processes involving a mixed channel.
In order to get synchronisation in a direct, two-step process
from the BS channel [the two steps being 1) BH formation,
2) spin up by accretion up to synchronisation], fine tunning of
the initial data is required. As illustrated in Fig. 2 a specific
value of vy is necessary. For smaller vy there is not enough
angular momentum available for ΩH to catch up with ω/m of
the cloud; for larger vy , ΩH overshoots the synchronisation
value, as shown by the simulation with vy = 0.093 in Fig. 2
(top panel). In the latter case, the cloud becomes dominated
by a superradiant mode. Thus energy and angular momentum
extraction from the BH ensue. This is what we call the mixed
channel. We speculate that, in this case, synchronistion is
achieved by a three-step process: 1) BH formation, 2) spin up
by accretion, 3) superradiant spin down, until synchronisation.
Moreover, the results herein indicate the trend that increasing
vy , the fractions of MB/Mi and JB/Ji increase. Thus, we
anticipate that there will be open sets of initial data leading to
synchronisation via the three step process. Subsets of these
initial data set may well lead to even higher fractions of en-
ergy and angular momentum in the final synchronised cloud.
Checking this conjecture, however, is challenging. Whereas
the two step process occurs in a much shorter time scale than
the superradiance evolutions in [7], the three step process will
be longer, in particular because high m modes are involved.
Finally, we remark that whereas generic initial data trig-
gering superradiance of Kerr BHs always produces an m =
1 cloud, corresponding to the fastest growing superradiant
mode, generic initial data in the mergers of BSs produce SGAs
with different m’s, herein illustrated with m = 4, 5, 6.
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